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Abstract
We extend our previous calculation of the breakup of 11Be using Halo Effective Field Theory and the
Dynamical Eikonal Approximation to include an effective 10Be-n-target force. The force is constructed to
account for the virtual excitation of 10Be to its low-lying 2+ excited state. In the case of breakup on a 12C
target this improves the description of the neutron-energy and angular spectra, especially in the vicinity of
the 11Be 52
+
state. By fine-tuning the range parameters of the three-body force, a reasonable description of
data in the region of the 32
+ 11Be state can also be obtained. This sensitivity to its range results from the
structure of the overlap integral that governs the 11Be s-to-d-state transitions induced by the three-body
force.
Keywords: Halo Effective Field Theory; one-neutron halo nuclei; nuclear breakup; core excitation;
three-body force
1. Introduction
Since their discovery in the mid-80s halo nuclei
have been the subject of intense experimental and
theoretical study [1, 2]. These nuclei, located on
the edge of the valley of stability, are much larger
than their isobars. Their unusual size can be seen as
a manifestation of quantum-tunneling: one or two
loosely bound valence nucleons have a high prob-
ability to reside in the classically forbidden region
outside the nuclear mean-field potential. The nu-
cleus can thus be described as an extended, diffuse
halo surrounding a compact core. Archetypes are
11Be, a one-neutron halo, and 11Li, with two neu-
trons in its halo.
∗Corresponding author
Email addresses: pcapel@uni-mainz.de (P. Capel),
phillid1@ohio.edu (D. R. Phillips),
hans-werner.hammer@physik.tu-darmstadt.de (H.-W.
Hammer)
The case of 11Be is especially interesting because
it has recently been computed ab initio within the
No-Core Shell Model with Continuum (NCSMC) [3]
using the N2LOsat [4] Chiral Effective Field The-
ory (χEFT) nucleon-nucleon interaction. More-
over 11Be has received much experimental atten-
tion, with its breakup on both lead and carbon tar-
gets measured at GSI and RIKEN [5, 6]. In this
work, we focus on the latter experiment, and more
particularly on the dissociation of 11Be on 12C at
67 MeV/nucleon [6].
The presence of a halo in 11Be implies that the
valence neutron strongly decouples from the other
nucleons and hence that the structure of the nu-
cleus can be described within a two-cluster model:
a neutron loosely bound to a 10Be core. Because
of this clear separation of scales 11Be is well suited
for the application of EFT [7, 8, 9]. In this “Halo
EFT”, the Hamiltonian that describes the core-halo
structure is expanded as a series in a small pa-
rameter that is the ratio of the nucleus’ small core
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radius to its large halo radius. Since the EFT is
designed to be insensitive to short-distance details
each term in the expansion of the core-halo inter-
action is taken to be a contact term or derivatives
thereof. The parameters of this expansion, viz. the
coefficients of each term in the core-neutron poten-
tial, are constrained by information on the structure
of the nucleus, taken from experiment or from re-
liable nuclear-structure calculations. Therefore, at
each new order, more information is provided about
the structure of 11Be in a systematic manner. In
this way the key degrees of freedom can clearly be
identified and ranked in importance (see Ref. [10]
for a recent review).
In a previous work [11], we coupled such a Halo
EFT description of 11Be to a precise reaction model
in order to analyse the breakup data of Ref. [6]. The
reaction was described in the Dynamical Eikonal
Approximation (DEA), which provides reliable col-
lision observables in these experimental conditions
[12, 13]. Excellent agreement with the data of
Ref. [6] on a Pb target was obtained. This idea
has then been successfully extended to analyse the
GSI experiment [14] and transfer reactions [15].
For the 12C target, the magnitude and general
shape of the breakup cross section of 11Be was well
reproduced, but the calculation missed breakup
strength in the energy region of the 52
+
and 32
+
resonances of 11Be at, respectively, 1.27 MeV and
3 MeV above the one-neutron threshold [11, 14].
The experimental breakup cross section exhibits
clear peaks at these energies [6, 16]. We adjusted
the 10Be-n interaction in the d5/2 and d3/2 par-
tial waves to reproduce these continuum states
as single-particle resonances. This reduced the
discrepancy between our prediction and data, al-
though significant breakup strengths was still miss-
ing, especially at the 32
+
resonance [11]. These re-
sults were insensitive to off-shell properties of the
10Be-neutron interaction.
In the present work, we explore the significance
of the core excitation in the breakup of 11Be on
12C by introducing in the reaction model a three-
body interaction between the target, the 10Be core
and the halo neutron. This has the effect of induc-
ing additional s-to-d-wave transitions in the 11Be
system. Such an effective way to describe the
virtual excitation of one of the participants in a
collision has been used in various nuclear physics
contexts, from the ∆(1232) in the original Fujita-
Miyazawa three-nucleon force [17] to χEFT nuclear
forces [18, 19, 20] and transfer reactions [21]. For
a colloquium on effective three-body forces in nu-
clear physics and beyond, see [22]. Here we expect
it is useful for energies less than the 3.368 MeV
needed to produce the 2+ excitation of 10Be in the
final state of the collision. Therefore we mainly fo-
cus on relative energies E between the 11Be core
and the halo neutron below about 2 MeV, where
the Halo EFT expansion is well justified. However,
our description can be extended to higher energies
by tuning the range parameters of the three-body
interactions.
After a brief reminder of the theoretical frame-
work, we introduce the form of the three-body force
that we consider in this work, see Sec. 2. Our re-
sults and their analysis are provided in Sec. 3. We
offer our conclusions in Sec. 4.
2. Formalism
To model the collision of the one-neutron halo
nucleus 11Be on a target, we describe it as a va-
lence neutron n loosely bound to a 10Be core c [23].
This two-body structure is modelled by the single-
particle Hamiltonian
H0 = − ~
2
2µ
∆ + Vcn(r), (1)
where µ is the c-n reduced mass, r their relative co-
ordinate, and ∆ the corresponding Laplacian. As
in our previous work [11], the binding potential Vcn
is built within the framework of Halo EFT [10]. In
this approach the details of Vcn are not important:
their impact on observables is suppressed because
of the broad extension of the halo wave function.
Accordingly, Vcn is taken to be a contact interac-
tion and its derivatives. For practical use, that in-
teraction is regularised by a Gaussian of range r0,
and is parameterised partial wave by partial wave.
At next-to-leading order (NLO) we follow Ref. [11]
and take the potential in both the s1/2 and p1/2
channels to be:
Vcn(r) = V0(r0)e
− r2
2r20 + V2(r0)r
2e
− r2
2r20 . (2)
The internal structure of the projectile is then
described by the eigenstates of H0. The negative-
energy states are discrete and correspond to the
projectile bound states, whereas the positive-energy
states form the continuum that simulates the
broken-up 11Be. As explained in Ref. [11], the po-
tential depths V0 and V2 are fitted to reproduce
2
structure information about the nucleus. In the
present case we take the one-neutron separation en-
ergy of 11Be in both its bound states from experi-
ment and the corresponding asymptotic normalisa-
tion coefficients (ANC) from the ab initio NCSMC
calculations of Calci et al. [3].
Because our goal is to study the influence of
the excitation of the core on the resonant breakup
mechanism, we consider the potential we developed
in Sec. VII of Ref. [11] and called beyond NLO. I.e.,
in addition to fitting the potential (2) in the s1/2
and p1/2 waves, we also add a c-n interaction in
both the d5/2 and the d3/2 partial waves and ad-
just it to produce a single-particle resonant state at
the energy and with the width deduced from exper-
iments. We use the potential of range r0 = 1.2 fm,
apart from the p3/2 partial wave, where we use the
potential with r0 = 1.0 fm that better reproduces
the p3/2 phaseshift predicted in Ref. [3].
The interaction between the projectile’s con-
stituents and the target T is simulated by the opti-
cal potentials VcT and VnT . Their imaginary parts
account for the channels not explicitly included in
this few-body model of the collision, such as the
capture of the halo neutron by the target or the
dissociation of the core during the collision (see
Ref. [11] for details).
Within this framework, studying the projectile-
target collision amounts to solving the Schro¨dinger
equation with the three-body Hamiltonian [23]
H = − ~
2
2µPT
∆R +H0 + VcT (RcT )
+VnT (RnT ) + V3b(RcT , r), (3)
where µPT is the P -T reduced mass, R their rel-
ative coordinate, and RcT the c-T relative coordi-
nate. The Schro¨dinger equation has to be solved
with the initial condition that the projectile in its
ground state is impinging on the target. At the in-
termediate beam energy considered here, this is a
problem for which the Dynamical Eikonal Approx-
imation (DEA) [12, 13] is perfectly suited.
The term V3b will always be present in an effective
description of the collision at low resolution [22]. It
accounts for virtual excitations of the core or tar-
get to states not explicitly included in the Hilbert
space. In the present case, this interaction is tai-
lored to simulate the virtual excitation of 10Be dur-
ing the collision as illustrated in Fig. 1. The core,
initially in its 0+ ground state (single dashed line),
can be excited to its first excited 2+ state (double

RcT0 2+
Rcn0
=⇒

Figure 1: Illustration of the effective three-body force that
arises from the virtual excitation of the 10Be core to the
2+ state. At long wavelengths/low energies the mechanism
shown in the left part of the figure can be replaced by the
effective three-body force shown in the right part. RcT0 and
Rcn0 represent, respectively, the range of the core-target and
core-neutron interactions.
dashed line) through its interaction with the tar-
get (double solid line). It can then come back to
its ground state by interacting with the halo neu-
tron (single solid line). Such a virtual quadrupole
excitation can be simulated by
V3b(RcT , r) = V
3b
0 (R
cT
0 , R
cn
0 )Y
0
2
(
R̂cT · r̂, 0
)
×
(
RcT
RcT0
)2
e
−
(
RcT
RcT0
)2 (
r
Rcn0
)2
e
−
(
r
Rcn0
)2
,(4)
where V 3b0 (R
cT
0 , R
cn
0 ) is the magnitude of the three-
body interaction for particular ranges RcT0 and R
cn
0
in the c-T and c-n coordinates, respectively. At
higher energies, the 2+ state can be excited as a
real degree of freedom and this description using
an effective three-body force breaks down. We now
study the impact of V3b on
11Be breakup observ-
ables in the region E . 3 MeV and their sensitivity
to these parameters.
3. Results
We look in particular at two observables mea-
sured at RIKEN [6]. The first is the breakup cross
section expressed as a function of the relative en-
ergy E between the 10Be core and the halo neu-
tron after dissociation, “the energy distribution”,
see Fig. 2(a). Because we focus on the excita-
tion of 11Be resonant states during the breakup,
we also look at the angular distribution, in which
the breakup cross section is computed as a function
of the scattering angle θ of the 10Be-n centre of
mass within the energy range of the 52
+
resonance,
1.2 MeV ≤ E ≤ 1.4 MeV, see Fig. 2(b).
Figure 2 also shows the results of our first series
of tests, compared to the experimental data. (Note
that all curves have been folded with the experi-
mental resolution [6].) The red solid line represents
3
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Figure 2: Influence of the three-body force V3b (4) with R
cT
0 = R
cn
0 = R0 on the breakup cross section for
11Be on 12C at
67 MeV/nucleon (a) as a function of the 10Be-n relative energy E after dissociation; (b) as a function of the scattering angle θ
of the 10Be-n centre of mass for 1.2 MeV ≤ E ≤ 1.4 MeV, viz. at the 5
2
+
resonant state. Experimental data are from Ref. [6].
the theoretical cross sections obtained without the
three-body force, as found in Ref. [11]. Although
the description of 11Be includes resonant states in
both the d5/2 and d3/2 waves, their effect in the
calculation is far less than the peaks seen in the
data at these resonance energies. The d5/2 reso-
nance leads to only half of the required strength to
reproduce the data in the region of the 52
+
state,
and the effect of the d3/2 resonance is barely vis-
ible after folding. This result is unaffected by the
value of r0 that is chosen, i.e., it seems independent
of the off-shell behavior of Vcn. We concluded that
our simple three-body model of the reaction lacked
some significant degrees of freedom. According to
the work of Moro and Lay [24] one possibility is the
excitation of the 10Be core to its 2+ excited state.
We therefore add the three-body potential (4) to
our model and run a series of DEA calculations that
probe different depths and ranges. A first simple
choice is to assume Rcn0 = R
cT
0 = R0 and take it
equal to the range of the c-T nuclear interaction,
which is about 3.5 fm. For that choice, we find
that a negative V 3b0 , i.e. an attractive three-body
force, leads to an increase of the breakup strength
at both d resonances.
The expression (4) involves a quadrupole excita-
tion and therefore at first order it can take 11Be
from its ground s1/2 state to a d wave in the
continuum. Dynamical effects, such as couplings
within the continuum, could mean that the three-
body force also indirectly increases the breakup
contribution of other partial waves. However, our
calculations using R0 = 3.5 fm show this is not
the case: not only is the increase in the breakup
strength limited to the d waves, but it affects only
the energy range of the d resonances. The choice
V 3b0 = −100 MeV leads to good agreement with the
data in the 52
+
peak, see the blue dash-dotted line
in Fig. 2(a). This good result is confirmed in the
angular distribution shown in Fig. 2(b): the gen-
eral shape of the experimental cross section is well
reproduced, as well as its magnitude, except at for-
ward angle, where our calculation seems too high.
However, at large angles, where the cross section
is dominated by the d-wave contribution [13], the
theory perfectly matches the data.
Unfortunately the gain in the 32
+
peak is only
marginal. For R0 = 3.5 fm we have not found a way
to sufficiently populate that resonance while keep-
ing the good agreement obtained for 1.2 MeV ≤
E ≤ 1.4 MeV. Near the 32
+
peak, the resolution
reaches the limits of an effective three-body force
description of the 2+ excitation of the core. This is
in accord with the results of Ref. [24], which found it
necessary to include a configuration in which 10Be
is in its 2+ excited state in the Hilbert space of
the model in order to reproduce the data around
E = 3 MeV.
Similar results are obtained with ranges of the
three-body interaction R0 = 4 and 5 fm: with a
proper choice for the magnitude V 3b0 , the breakup
in the vicinity of the 52
+
resonant state is well re-
produced, while the contribution of the d3/2 par-
tial wave remains too small to reproduce the 32
+
experimental peak. However, when the range of
the three-body force is chosen much smaller than
that of the c-T nuclear interaction, e.g., R0 = 1
or 2 fm, the effect of V3b is unnoticeable. This
is illustrated with the green long-dashed curves in
Fig. 2, which correspond to the case R0 = 2 fm
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Figure 3: Influence of the range of the three-body force (4) in the c-n relative coordinate Rcn0 in the breakup of
11Be on 12C
at 67 MeV/nucleon. (a) Energy distribution; (b) angular distribution for the breakup at energies around the 5
2
+
resonance.
(and V 3b0 = −500 MeV). When the three-body-
force range is this small it acts only within the dis-
tance at which the interaction between the core and
the target is dominated by the absorption channel.
The effect of any additional real interaction then
vanishes. For this three-body force to have the de-
sired effect it must have a range that exceeds, or
equals, that of the imaginary part of the c-T opti-
cal potential.
Choosing larger values of R0 also leads to unsatis-
factory results. An R0 > 5 fm contradicts the idea
of EFT, since R0 should correspond to the range
of the short-distance physics neglected in the prob-
lem. And it produces deleterious phenomenologi-
cal consequences too: calculations performed with
R0 = 6 fm (and V
3b
0 = −19 MeV), see magenta
dotted lines in Fig. 2. This V3b still produces good
agreement with the experimental energy distribu-
tion in the 52
+
resonance, but also yields a slight
increase of the cross section off resonance. This is
not really incompatible with the experimental en-
ergy distribution, but in the angular distribution
[Fig. 2(b)], we observe a somewhat less good agree-
ment with the data than for R0 = 3.5 fm: the the-
oretical cross section decays more rapidly with the
scattering angle, leading to an even stronger over-
estimation of the experiment at forward angles and
a slight underestimation of the data at larger angle.
Both these problems worsen when the three-body
force is extended to a range of 8 or 10 fm.
Summarizing the story so far: a well-tailored
three-body potential can provide the strength in
the 52
+
resonance that was missing from the earlier
Halo EFT + DEA calculation with two-body poten-
tials alone. The range of that force should at least
be equal to that of the imaginary part of the core-
target optical potential and should also not be too
large, so it does not affect the non-resonant break-
up. As long as 3 fm ≤ R0 ≤ 5 fm the magnitude
of V3b can be chosen to reproduce the energy dis-
tribution up to about 1.5 MeV and the angular dis-
tribution integrated over 1.2 MeV ≤ E ≤ 1.4 MeV.
Up to now, the range R0 of the three-body force
(4) has been chosen equal in both the c-T and the c-
n coordinates; however there is no reason other than
simplicity to do this. Indeed, it would be strange
to constrain the range of the interaction in the c-n
coordinate according to the range of the c-T nuclear
optical potential. As a second step in our analysis,
we take full advantage of Eq. (4) by considering
different ranges in both coordinates. For the c-T
range, we keep the value RcT0 = 3.5 fm, which was
found to be optimal in the first part of our analysis.
We then repeat the calculations for different Rcn0 .
The results are shown in Fig. 3 for (a) the
breakup energy distribution and (b) the angular
distribution for the breakup near the 52
+
resonance.
The already discussed results without three-body
force and with the three-body force with Rcn0 =
RcT0 = 3.5 fm are shown as the red solid and blue
dash-dotted lines. Now adopting what seems a nat-
ural choice for Rcn0 , the range of the c-n interac-
tion in the Halo-EFT description of the projectile
(2), produces a surprising result. Choosing, e.g.,
Rcn0 = 1 fm while keeping an attractive three-body
force (V 3b0 = −1000 MeV), leads to a significant 32
+
peak and a reduction of the breakup cross section in
the region of the 52
+
continuum state (magenta dot-
ted lines). This suggests that simulating the core
excitation by a three-body force can lead to the
excitation of the 32
+
resonance as a single-particle
state—as long as the c-n interaction range is chosen
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small enough.
To elucidate why the choice of the c-n interaction
range has such a profound impact on the action of
the three-body force on the cross section, we display
in Fig. 4(a) the wave functions obtained from the
Halo EFT description of 11Be for the 1s1/2 ground-
state (thick black solid line), and for the d5/2 (red
solid line) and d3/2 (black dash-dotted line) res-
onant states (the wave functions of the resonant
states are divided by ten for readability). Both res-
onant wave functions exhibit similar features: at
short distance they present a bound-state like peak
before starting to oscillate at larger distances. How-
ever, these peaks appear on the opposite sides of
the node of the bound-state wave function located
at r . 2 fm. Whereas ud5/2 peaks after the node,
ud3/2 exhibits its maximum at lower radius.
ud3/2 (/10)
ud5/2 (/10)
u1s1/2
u
1
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m
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2
)
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2
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Figure 4: Left panel: wave functions of the states involved
in the resonant breakup of 11Be. Right panel: the product
of these wave functions with the r-dependence of the three-
body force Ilj defined in Eq. (5).
This selectivity of the d states according to Rcn0
value then becomes clear from Fig. 4(b) where we
plot the overlap of the radial wave functions of the
initial 1s1/2 bound state and the final d5/2 or d3/2
resonant state, multiplied by the r-dependence of
an attractive three-body force (4)
Idj(r) = −udj(r)
(
r
Rcn0
)2
e
−
(
r
Rcn0
)2
u1s1/2(r). (5)
This integral would appear in a first-order descrip-
tion of the reaction, and it explains the effect of
the three-body force seen in Fig. 3. With a large
Rcn0 , V3b excites the
11Be projectile at large r. Most
of the Id5/2 overlap (green dash-dotted line) is lo-
cated beyond 2 fm, and it clearly exceeds Id3/2 (ma-
genta dashed line) there. Id3/2 also has a significant
short-distance contribution of opposite sign, which
reduces the population of the d3/2 resonance by the
three-body force. Thus 52
+
excitation is favored
over 32
+
excitation for large Rcn0 . Furthermore, the
negative overall contribution of the attractive three-
body force in Id5/2 interferes constructively with
the effect of the nuclear two-body forces, thereby in-
creasing the breakup strength near that resonance.
Similar results are obtained for Rcn0 between 2 and
4 fm, provided V 3b0 is adjusted appropriately.
When the c-n range of the three-body interac-
tion is reduced to Rcn0 = 1 fm, the influence of the
large radii on Ilj is reduced to a trickle: the ma-
jor contribution comes now from r . 2 fm. Here
the d3/2 wave function dominates [compare the blue
dotted and orange dashed lines in Fig. 4(b)]. This
short-range contribution is positive, so it opposes
the breakup strength of the two-body forces. How-
ever, because the breakup strength for the d3/2 res-
onance generated by VcT and VnT is small, the large
effect of the three-body force observed here is suf-
ficient to reproduce the experimental 32
+
peak, see
the magenta dotted line in Fig. 3(a). This 11Be res-
onant state is therefore mostly populated through
the excitation of the 10Be core. At the d5/2 reso-
nance, the contribution of that three-body interac-
tion cancels the effect of the two-body optical po-
tentials. This explains the decrease-increase in the
d5/2-d3/2 peaks seen when comparing the magenta
dotted and red solid lines in Fig. 3(a). It also ex-
plains why the corresponding angular distribution
at the d5/2 resonance is overall suppressed, see the
panel (b) of that figure.
While the high energy of the 32
+
resonance clearly
stretches an EFT description without explicit 2+
core excitation, this result suggests a way to ex-
cite both the 32
+
and 52
+
resonances simultaneously
with an effective three-body force: use a short-
range repulsive force (V 3b0 > 0). We note that since
the effective three-body force is not observable by
itself and its strength V 3b0 is resolution dependent,
it is reasonable for V 3b0 to change from positive to
negative as Rcn0 is decreased [25, 22]. The results of
a calculation with Rcn0 = 1 fm and V
3b
0 = 1000 MeV
6
are displayed in Fig. 3 as the orange short-dashed
lines. Now both resonances are excited and exhibit
breakup strengths in qualitative agreement with the
data. This three-body interaction also provides an
angular distribution at the d5/2 resonance in excel-
lent agreement with the data. We have obtained
similar results with Rcn0 = 0.8 and 1.1 fm so this
result is not strongly sensitive to the choice of that
parameter, as long as it is small. A singular effect
is observed using Rcn0 = 1.35 fm, see the green long-
dashed curves in Fig. 3. At that value, despite the
presence of a significant three-body force in the cal-
culation (V 3b0 = 1000 MeV), we do not observe any
significant change in the d5/2 resonant breakup in
either the energy or angular distribution compared
to the case without a three-body force. Now the
two lobes of Id5/2 are close in magnitude but of op-
posite sign, leading to a near-exact cancellation of
the effect of V3b.
4. Conclusion
The nuclear breakup of 11Be on 12C excites the
5
2
+
and 32
+
resonances [6]. This reaction therefore
constitutes an ideal tool to study these states above
the one-neutron separation threshold [6, 16]. In a
previous work [11], we examined in detail the influ-
ence of the description of the projectile upon the
reaction calculation, coupling a Halo-EFT descrip-
tion of 11Be [10] to the DEA [12, 13]. Describing the
5
2
+
and 32
+
resonances as, respectively, a d5/2 and
d3/2 neutron interacting with a
10Be core in its 0+
ground state is not sufficient to reproduce the peaks
observed in the experimental cross section [11].
In this Letter, we have presented an extension of
Ref. [11], adding a three-body interaction between
the 12C target, the 10Be core, and the halo neutron.
This three-body force is tailored to simulate the ef-
fect of the virtual excitation of the 10Be core to a
2+ state during the reaction. When the range of the
three-body force in the core-target coordinate is of
the order of that of the c-T nuclear optical poten-
tial it is possible to find a realistic three-body-force
strength that reproduces the experimental breakup
cross section in the energy region of the 52
+
res-
onant state without affecting the good agreement
with the data at E < 3 MeV.
In their analysis of this reaction, Moro and Lay
found that explicitly including the 2+ excited state
of 10Be in the projectile description enables satis-
factory reproduction of the experimental breakup
cross section [24]. In our complementary approach,
we incorporate the core excitation in the effec-
tive operators that encode the reaction mechanism.
This ability to include virtual excitations in ei-
ther operators or wave functions can be formalized
through the use of unitary transformations [26, 27]
and suggests that it is difficult to gain model-
independent insight into the structure of these res-
onances from reactions on a 12C target. This is
particularly true for the 32
+
resonance, which exists
close to the 10Be(2+)-n threshold. For this 11Be
state a description that includes only virtual first-
order excitation of the 2+ state may not be valid.
Tuning the range of the three-body interaction
in the c-n coordinate results in the excitation of
the 52
+
, the 32
+
, or both, resonances. This selec-
tivity can be traced back to the radial dependence
of the overlap wave functions of the single-particle
description of the states. It highlights the fact that,
in the region E & 3 MeV, the resolution in the reac-
tion reaches the limits of an EFT description with-
out an explicit 2+ degree of freedom, because de-
tails of the EFT’s implementation can be resolved.
The results produced here confirm that Halo
EFT [10] is an efficient and flexible tool for reactions
involving halo nuclei [11, 14, 15, 28]. In EFT the
appearance of three-body forces is essential, since
they account for the impact of missing degrees of
freedom on observables [22]. In the case of 11Be,
the reaction observables for which Halo EFT is ac-
curate can be extended by using an EFT three-body
force to account for the 2+ excitation of the 10Be
core. This enables us to explore the effect of virtual
core excitation on breakup cross sections without
resorting to a numerically expensive description of
the projectile. An obvious next step is to constrain
this three-body interaction from structure or reac-
tion inputs other than the ones we are trying to
describe. In the longer term a Halo EFT descrip-
tion of the projectile that explicitly includes the
excitation of the core, similar to that of Ref. [24],
would be an asset, as it would presumably extend
the phenomenological reach of the calculation and
shed further light on the structure of resonances in
the 11Be system, especially its 32
+
state.
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